The effects of an extracellular sodium (Na) concentration of 200 mM on function, ionic exchange, and water movements were examined in the vascularly perfused rabbit intraventricular septum. When the perfusate was switched from 142 mMNa to 200 mMNa, dP/ dt fell 20.4% over 2 minutes; dP/dt then recovered to the control level. The time course of the functional recovery correlated with the uptake of Na into the slowly exchangeable fraction of the tissue, and the rate of recovery in 200 mM Na depended on the frequency of contraction of the preparation. During perfusion with 200 mM Na, a 41% increase in slow-phase Na content compared with the content during perfusion with 142 mM Na was observed. The hyperosmolar perfusate induced a 21% cellular dehydration within 10 minutes as estimated from measurement of 10-minute 35 SO 4 space and total tissue water. The time course of dehydration was much more rapid than the time course of functional recovery. Calcium (Ca) influx during the period when dP/dt had returned to control levels in 200 mM Na was the same as it was during a control period in 142 mM Na. Thus, there appears to be a Na-Ca exchange system which enhances Ca influx and thus causes an inotropic effect in response to an increase in intracellular Na concentration.
• A number of investigators have suggested that sodium (Na) is involved in the regulation of myocardial contractility. Reductions in extracellular Na concentration exert a positive inotropic effect on cardiac muscle (l). Moreover, decreases in extracellular Na concentration have been associated with increases in calcium (Ca) influx in amphibian myocardium (2) and mammalian myocardium (3) ; this finding has been offered as an explanation for the inotropic effect of a reduction in extracellular Na concentration. The inotropic effects of increased stimulus rate (3) and of cardiac glycosides (4, 5) have been associated with a gain in internal Na concentration and an increase in Ca influx, providing further support for the role of Na in contractility. Reuter and Seitz (6) have developed evidence in favor of a Na-Ca exchange system in mammalian myocardium. Baker et al. (7) have found a similar relationship in squid giant axon. Additional evidence has been reported by .
The purpose of the present work was to demonstrate the effects of increased extracellular Na concentration on muscle function, water movements, and ionic (Na, potassium [K] , and Ca) movements and to further define the role of Na-Ca exchange in the regulation of myocardial contractility.
Methods
All experiments were performed on arterially perfused rabbit intraventricular septum, using the technique described by Langer and Brady (9) . The septal preparation allowed continuous monitoring of (1) isometric tension and dP/dt at rates controlled by external stimulation, (2) isotopic activity of the labeled muscle by a closely opposed thin-end-window GM probe (type 6222), and (3) isotopic activity of venous effluent during washout of the labeled muscle.
The millimolar composition of the perfusate was KC1 8, CaCl 2 1.5, NaH 2 PO 4 0.53, MgCl 2 1.0, glucose 5.56, and NaCl 142 or 200; 8 mM K was used to decrease the spontaneous beating which can occur in these preparations. Where indicated in the text, the perfusate was made isosmotic to 200 mM Na by adding 58 mM LiCl, 58 mM choline chloride, or 116 mM sucrose. The perfusate contained washed dog red blood cells at hematocrit of 20%, and immediately before use it was equilibrated with 98% O 2 -2% CO 2 . The pH of the perfusate was 7.3. The solutions used in the bath-perfused papillary muscle were identical except that no dog red blood cells were added and that the solution contained 12 mM NaHCO 3 and either 130 mMNaCl or 188 mMNaCl.
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The following isotopes were used: 45 Ca (International Chemical and Nuclear Corp.) , 24 Na and 42 K (New England Nuclear), and ^S (Cambridge Nuclear).
All septal experiments were done at a perfusion rate of 1.3-1.5.ml/g wet weight min" 1 , the temperature was 26°C, and the stimulus rate was 33/min except where otherwise indicated.
Previous work in vascularly perfused rabbit septums has shown a gain in tissue Na and a loss of tissue K over the first 60 minutes of perfusion. No significant additional loss has been observed with perfusion times greater than 60 minutes (unpublished observations). Therefore, all experimental manipulations were preceded by a 60-minute equilibration in 142 mM Na perfusate to ensure a steady state with respect to Na and K.
The 35 SO 4 space was compared in muscles perfused with 142 mM Na and those perfused with 200 mM Na. Both groups were perfused for 60 minutes with 142 mM Na. The control group was then labeled for 10 minutes with 35 SO 4> and 142 mM Na perfusion was continued. The other group was labeled for 10 minutes with 35 SO 4 and perfused with 200 mM Na. Therefore, the total perfusion time in both groups was 70 minutes. The 10-minute 35 SO4-labeling period corresponded to the time required for the functional response to perfusion with 200 mM Na to stabilize. The 35 SO 4 space was measured according to the method of Page and Page (10) . After weighing, the wet muscle was finely minced, placed in a closed polyethylene bottle, and extracted for 72 hours with 50 ml of O.lN nitric acid. Samples were then taken and analyzed for 35 SO 4 content by standard techniques of liquid scintillation counting.
Results
The effects of perfusion with 200 mM Na on fluid movement, function, and Na, K, and Ca exchange will be presented separately.
FLUID MOVEMENT
Perfusion of myocardial preparations with solutions made hyperosmotic by the addition of NaCl has been associated with tissue dehydration (ll). Page and Page (10) have corroborated this association and have also demonstrated that 200 mM Na perfusion results in intracellular dehydration and expansion of the extracellular space. In the present study, the rate of tissue water loss and the influence of stimulus rate on that water loss were examined.
In muscles stimulated at 33/min, the tissue water in 16 septums perfused with 142 mM Na was 5,329 ± 12.7 (SE) ml/kg dry weight. In the septums perfused with 200 mM Na for a sufficient time to reach a stable dP/dt (10 minutes minimum), it was 4,691 ± 13.6 ml/kg dry weight, representing a tissue dehydration 12.0%.
Determinations of 35 SO 4 space were made in ten Circulation Research. Vol. XXXIV. January 1974 muscles (control group) equilibrated for 1 hour and then perfused for 10 minutes with 35 SO 4 in 142 mM Na. Another group of ten muscles was equilibrated for 1 hour and then perfused for 10 minutes with 35 SO 4 in 200 mM Na. The 10-minute period was selected because the functional response to 200 mM Na had stabilized at this time. The control 35 SO 4 space was 3,346 ± 70 ml/kg dry weight compared with 3,126 ± 85 ml/kg dry weight after 10 minutes of perfusion with 200 mM Na. Therefore, the non-35 SO 4 space was 1,983 ml/kg dry weight during control and 1,565 ml/kg dry weight after 10 minutes of perfusion with 200 mM Na; these values represent a decrease of 21%.
The time course of water shifts and the stimulus rate dependence of these shifts were examined. Muscles were perfused with 200 mM Na for 1.5, 3, 5, 7, and 10 minutes and were analyzed for tissue water at these times: they were weighed immediately, dried overnight, and then reweighed. Two groups of muscles were examined, one stimulated at 21/min and the other stimulated at 52/min. The results are shown in Figure 1 . The results reported for muscles stimulated at 33/min and perfused for 10 minutes in 200 mM Na are also shown for comparison. Water loss was complete by 3 minutes, a time when the functional recovery in 200 mM Na was just beginning (Fig. 2 ). The rate of stimulation had no effect on the rate of water loss, nor was there any significant difference between tissue water values at the two rates at any time. Therefore, the rate of stimulation over this range had no effect on water movements induced by hyperosmolar perfusate.
MUSCLE FUNCTION
Perfusion of the muscle with 200 mM Na and return to control perfusate (142 mM Na) resulted in a functional response consistently observed in over 250 separate septal preparations (Fig. 2 ). This functional sequence was similar to that observed by McDowell et al. (12) .
All functional responses reported in this paper are discussed in terms of changes in dP/dt. Total developed tension consistently paralleled maximum dP/dt, and no significant changes in resting tension were observed during the experiments.
Switching from 142 to 200 mM Na resulted in the following sequence of events. dP/dt fell over 2 minutes to 79.6 ± 0.89% of control dP/dt in 25 muscles. Recovery began at 2 minutes and reached a stable level at 101.0 ± 1.95% of control dP/dt. This plateau was reached by 8.0 ± 0.44 minutes and remained stable for up to 60 minutes, which was the maximum time of perfusion with 200 m. M Na. To determine whether this recovery phase was an inotropy induced by progressive intracellular dehydration in the presence of a hyperosmolar perfusate or was caused by a progressive increase in intracellular Na concentration as the intracellular space equilibrated with the higher extracellular Na concentration, the dependence of the rate of recovery in 200 mM Na on the stimulus rate was examined. Muscles were stimulated at 5, 21, and 52/ min for sufficient time to reach stable dP/dt levels. Perfusate was then switched from 142 mM Na to 200 mM Na, and the rate of recovery was monitored. The results are shown in Figure 3 . These findings indicate a strong dependence of the recovery phase in 200 mM Na on the stimulus rate.
To further separate any effects of hyperosmolar perfusion on dP/dt from effects of a gain in Na. muscles were kept quiescent (< 20 spontaneous beats/10 minutes) during the first 10 minutes of perfusion with 200 mM Na and then stimulated at 33/min. The recovery rate was compared with the recovery rate in the same muscles stimulated at 33/ min throughout the perfusion with 200 mM Na. Na influx during quiescence was markedly reduced compared with that during stimulation. Using the values derived from dog papillary muscle, Na influx at 33/min totaled approximately 14 mmoles/kg wet weight for 10 minutes (13). During quiescence an influx of less than 2 mmoles/kg wet weight occur- Rate of recovery in 200 mMNa at different stimulus rates. Perfusate was switched from 142 mMNa to 200 mMNa at time zero. dP/dt is expressed as the percent of change from nadir at 2 minutes to the point at which no further recovery was observed (plateau). Stimulus rates are 52/min (solid circles), 21/min (open circles), and 5/min (triangles) . Note that at the 5/min rate, recovery did not begin until 3 minutes, although nadir was reached at 2 minutes. Each curve represents the mean ± SDfor seven experiments. red, and cellular equilibration to 200 mM Na was significantly delayed. Interstitial Na exchange was not stimulus dependent in vascularly perfused myocardium; thus, equilibration of the interstitial space to 200 mM Na perfusate and any fluid shifts consequent to the elevation in extracellular Na concentration were not altered by the period of quiescence.
As can be seen in Figure 4 , the rate of recovery in 200 mM Na was not altered by keeping muscles quiescent for the first 10 minutes of exposure to high extracellular Na. The time from onset of recovery to complete recovery in 200 mM Na was 7 minutes in muscles stimulated at 33/min throughout exposure to 200 mM Na and in those stimulated at 33/min after 10 minutes of quiescence.
In muscles allowed to reach stable dP/dt during perfusion with 200 mM Na, a return to 142 mM Na perfusate resulted in an increase in dP/dt to 120.6 ± 1.9% of control dP/dt. This overshoot was maximum at 2.1 ± 0.1 minutes; dP/dt then declined and reached control level by 9.9 ±1.2 minutes (Fig. 2) . The magnitude of the overshoot after return to perfusion with 142 mM Na depended on the length of time the muscle had been perfused with 200 mM Na (Fig. 5 ). The magnitude of the maximum overshoot in this group of muscles was higher than that in those previously discussed; this result was probably related to the multiple exposures to high extracellular Na concentration in each experi- Effect of quiescence on the recovery rate in 200 mM Na. Recovery is expressed as percent of plateau dP/dt. The length of time from onset of recovery to complete recovery was not altered by a preceding period of quiescence sufficient to ensure full equilibration of water movements (see Fig. I ). Each point represents the mean ± SD for five muscles. ment. Nonetheless, perfusion times in 200 mM Na greater than 7 minutes produced no further increase in the magnitude of the overshoot on return to 142 mMNa.
The functional events outlined did not occur in muscles perfused in 142 mM Na with either 58 mM choline chloride or 116 mM sucrose added. Perfusates made isosmotic to 200 mM Na by the addition of 58 mM LiCl or 58 mM choline chloride to 142 mM Na did not alter the subsequent functional response to perfusion with 200 mM Na.
SODIUM
The increments in rapidly and slowly exchangeable Na content during perfusion with 200 mM Na were examined, using Na washouts. The Amplitude of overshoot as a function of perfusion time with 200 mM Na. Function is expressed as percent of control dP/dt. Each of seven muscles was perfused with 200 mMNa for 1, 2, 3, 4, 5, and 7 minutes, and three muscles were also perfused for 8 minutes. Overshoot is defined as the maximum dP/dt observed on return to 142 mMNa. Each point represents the mean ± SD for seven muscles.
muscles were labeled with 24 Na in 142 mM Na for 30 minutes and washed out in 142 mM Na for 30 minutes with timed collection of the venous effluent and with GM probe monitoring of the tissue. The muscles were equilibrated in 142 mM Na for an additional 30 minutes to ensure nearly complete washout of the slow-phase 24 Na; they were then relabeled for 30 minutes in 200 mM Na and washed out for 30 minutes in 200 mM Na.
The isotopic perfusate was prepared as follows. A known amount of 24 Na was added to 142 mM Na perfusate. A sample of this perfusate was removed, and NaCl was added to make 200 mM Na. Thus the standard activity (counts/min g-' perfusate) was the same in the two perfusates but the specific activity (counts/min /nmole" 1 M Na) was 41% less in the isotopic 200 mM Na perfusate. The effluent curves from the muscles perfused with 142 mM and 200 mM Na were superimposable, indicating a 41% increment in both rapidly and slowly exchangeable Na (Fig. 6 ). The effluent curve for Na washout was a complex curve and was resolved into two phases according to the method of Solomon (14) . Rate constants and phase contents are given in Table 1 . The mean increment in fastand slow-phase Na induced by perfusion with 200 mM Na was 40%-in -direct proportion to the increase in the extracellular Na concentration. 24 Na uptake was monitored in five muscles dm>. ing the switch to 200 mM Na (Fig. 7) . In these experiments, the specific activity (counts/min All values are means ± SD; number of muscles tested is given in parentheses. The rate constants and phase contents are derived from the slopes and the intercepts of the washout curves without modification. This procedure assumes a parallel model of exchange. If a series model is assumed then corrections for phase content must be made according to A. F. Huxley (Appendix, ref. 14) . Such correction changes the content of phase 1 to 66.6 and of phase 2 to 11.3 mmoles/kg tissue H 2 O during perfusion with 142 mMNa. The content of phase 1 likewise changes to 93.8 and of phase 2 to 16.0 mmoles kg/tissue H 2 O during perfusion with 200 mM Na. Whichever model is used, it is evident that the content of both phases increases by 40% as extracellular Na concentration is increased by 40% (from 142 mM to 200 mM). 24 Na uptake curve (tissue probe). ACPM = change in total counts/min. e" 123 Na) was matched in the two perfusates. The 24 Na uptake curve rose after switching to 200 mM Na and became parallel to the extrapolated control curve at a mean of 7.10 ± 0.7 minutes. The mean recovery time for dP/dt was 7.25 ± 0.63 minutes in the same group. The course of the uptake and the functional response is presented in Figure 8 . dP/dt as a percent of control is plotted on the same time base as the 24 Na uptake which is expressed as a percent of the total change in counts/ min (Fig. 7) during perfusion with 200 mM Na. These findings indicate that the recovery in 200 mM Na may depend on the gain in cellular Na content. It is also apparent from the comparison of uptake curves and washout rate constants that the slowly exchangeable phase appears to load more rapidly in the presence of 200 mM Na than it washes out. 
'
Relation between Na uptake and functional responses to alterations in extracellular Na concentration. Na uptake (open circles) expressed as percent of the total change in counts/min (ACPM) (see Fig. 7 ) observed on changing the extracellular Na concentration. Functional response (broken line) expressed as a percent of control dP/dt (right ordinate) is superimposed on the figure.
When the muscle perfusate was switched from 200 mM Na to 142 mM Na during a 24 Na uptake, the counts fell toward the extrapolated control level. Functionally, the muscle underwent an increase in dP/dt (overshoot) and then returned to the control level by 9 minutes. At that time, residual isotopic activity in the muscle hadfallen to 10% above the extrapolated control level. The decline in residual activity was more gradual from this point; it finally reached the extrapolated control level 15-19 minutes after the switch to 142 mM Na. The failure of the 24 Na residual activity to more closely parallel the functional response when switching from 200 mM Na to 142 mM Na may be explained by the higher standard activity (counts/min g" 1 perfusate) in the 200 mM Na perfusate, which tended to increase the background activity on the muscle clips, the thermister probe, and the perfusing cannula and by the possibility of labeling a more slowly exchanging compartment in 200 mM Na which is not labeled in 142 mM Na. This latter point remains conjectural, although preliminary evidence from other studies on Na exchange suggests that this phenomenon may occur.
POTASSIUM
Because perfusion with 200 mM Na induced an increment in slowly exchangeable Na of 6 mmoles/ kg water (presumed to be an intracellular gain), the effects of high-Na perfusion on K exchange were examined. Muscles were labeled with 42 K in 142 mM Na for 40 minutes and washed out in 142 mM Na for 20-25 minutes. Then the perfusate was switched to 200 mM Na. No effects on the 42 K efflux curve were noted during perfusion with 200 mM Na or after return to 142 mM Na. A representative 42 K efflux experiment is shown in Figure 9 .
To further rule out the possibility that K loss was associated with the elevation in intracellular Na concentration during perfusion with 200 mM Na, 42 K uptake experiments were performed. Muscles were labeled with 42 K for 150 minutes, at whichl time K uptake was nearly asymptotic. At that point, the perfusate Na concentration was increased from 142 mM to 200 mM. 42 K uptake increased between 10-12% in three muscles with a half-time of approximately 15 minutes (similar to the half-time of slowly exchanging K determined from K efflux experiments). This phenomenon is currently under examination, but it appears clear that no loss of cellular K can be ascribed to perfusion with 200 mM Na. The slow time course of the gain in K compared with the time course of the functional 42K effluent washout; perfusate switched from 142 mM to 200 mMNa midway in the washout. The lower curve is the tissue washout curve.
response makes it unlikely that this K gain is responsible for the functional responses in 200 mM Na.
CALCIUM
There are several technical problems in the examination of Ca flux during perfusion with 200 mM Na. Probe monitoring of 45 Ca uptake is not sufficiently sensitive to differentiate rapid bulk movement of 45 Ca into and out of the interstitial space from any slower intracellular gain in Ca, if such a gain is small. A 60% increase in dP/dt caused by the administration of acetylstrophanthidin is associated with a net increment in Ca of only 110 ^moles/kg water in a septal preparation (5). The present experiment dealt with an average 20% inotropy and probably an even smaller increment in Ca. In addition, the rapidity of the transients induced by perfusion with 200 mM Na precluded the use of isotopic labeling and washout techniques to determine Ca phase contents. Isotopic-labeling time must be very short, and small changes in the homogeneity of the perfusion can result in large errors with short labeling times.
Under these conditions, attempts were made to look at the steady-state Ca contents during the functional plateau phase in 200 mM Na. Muscles were perfused with 200 mM Na for sufficient time (15 minutes) to allow dP/dt to stabilize. They were then labeled with 45 Ca (still in 200 mM Na) for 10 minutes. Muscles were then washed out for 5 minutes in 200 mM Na and 0 mM Ca (< 0.25 /xmoles/ liter) to clear the interstitium. Muscles were cut down, and tissue water was determined in the usual fashion. Muscles subsequently were ashed and dissolved in concentrated HNO 3 ; the isotopic activity in a sample was determined. From this determina-tion, the residual cellular Ca was calculated. These values were compared with those from muscles perfused and labeled in 142 mM Na for the same periods and washed out in 142 mM Na and 0 mM Ca for 5 minutes.
The Ca content in the control group (142 mM Na) was 0.607 ± 0.47 mmoles/kg wet weight, and it was 0.622 ± 0.028 mmoles/kg wet weight in the group perfused with 200 mM Na ( N = 7 in each group). There was no statistical difference between these two groups. In the presence of an elevated extracellular Na concentration, a known inhibitor of Ca influx, the content of labeled cellular Ca was still the same as the control content. This finding suggests the presence of a system that restores Ca influx to control levels despite the continued presence of high extracellular Na or a decrease in Ca efflux during the same period.
To determine if perfusion with 200 mM Na altered Ca efflux, two sets of experiments were performed. First, muscles were labeled with 45 Ca for 30 minutes, and washout was begun in 142 mM Na. After 10-12 minutes the perfusate was switched to 200 mM Na for the remainder of the washout. This washout was compared with that in 142 mM Na (control) in the same muscle, and no change in Ca efflux was noted (Fig. 10A) . A second group of muscles was labeled with 45 Ca in the presence of 200 mM Na. The washout was begun in 200 mM Na, and the perfusate was switched to 142 mM Na after 12 minutes. These washouts were compared with control washouts in 142 mM Na in the same muscle. Again, no effect on Ca efflux was discernible ( Fig. 10B) .
Action potentials were monitored in rabbit papillary muscles during perfusion with 200 mM Na to ascertain that no major alterations were induced in amplitude or resting potential. A transient decrease in action potential duration was observed during the first 2 minutes of exposure to 200 mM Na and a subsequent increase in action potential duration was observed as tension recovered. No significant change in the amplitude of the spike or in the resting membrane potential was observed at any time during the sequence.
Discussion
This investigation of the effects of increased extracellular Na concentration on rabbit ventricular myocardium attempted to delineate the role of Na in the regulation of myocardial contractility and, more specifically, to further define the Na-Ca relationship in myocardial tissue. The effects of perfu-
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Summary of functional response, water shifts, and changes in ionic contents during perfusion with 200 mM Na. Note that tissue water reaches a new steady state 3 minutes after the switch to 200 mM Na. sion with 200 mM Na on dP/dt and ionic and water movements are summarized in Figure 11 .
The initial depression in dP/dt observed after switching from 142 mM Na to 200 mM Na can be explained by the fact that Na and Ca appear to compete for some external site (6). The time course of this functional response is compatible with interstitial space equilibration to the higher extracellular Na concentration. This nadir response does not depend on the stimulus rate.
As the interstitial space equilibrates to the higher extracellular Na concentration, the effect of the hyperosmolar perfusate on fluid movement is manifested by a tissue dehydration of 12.0% that is complete by 3 minutes. This effect is also independent of the stimulus rate. The tissue water loss is a function of interstitial space equilibration with the elevated perfusate Na concentration. Although continued balanced water shifts between the intracellular and the interstitial spaces cannot be ruled out, it is reasonable to assume that the intracellular dehydration of 21% follows the same time course as the net tissue dehydration, i.e., these changes are complete by 3 minutes.
Perhaps the most interesting aspect of the functional responses to elevated extracellular Na concentration is the recovery of tension and dP/dt noted with continued perfusion with 200 mM Na. This recovery begins at 2 minutes, a time when the interstitial space is approaching full equilibration with the elevated Na concentration. (The rate constant for interstitial Na exchange is 0.50 min" 1 .) Mean full recovery time in these experiments was 8 minutes. Several characteristics of this portion of the response to high sodium have been demon-strated. (1) The rate of recovery depends on the stimulus rate of the preparation. (2) The rate of recovery is not altered by a period of quiescence in 200 mM Na preceding stimulation. (3) The time to complete recovery correlates significantly with the time course of tissue 24 Na uptake. These observations suggest that the recovery phase is related in some way to the movement of Na into the cell. Perfusion with 200 mM Na (a 40% increase over the control concentration of 142 mM) results in a 40% increment in slow-phase Na.
Previous work (13) supports the contention that slow-phase (compartment 2) Na is predominantly cellular in origin. The exchange rate of this phase is linearly related to the frequency of contraction. Also, if phase 2 content is used with non-35 SO 4 space water to estimate cellular Na concentration, it ranges between 30 and 43 mM, depending on whether phase 2 content is corrected according to Huxley (Table 1 ). These are reasonable values for cellular Na concentration and indicate that phase 2 represents predominantly cellular Na.
An alternative explanation for the recovery phenomenon might be that progressive intracellular dehydration secondary to hyperosmolar perfusion results in an intracellular increase in Ca concentration and, thus, an inotropic response, allowing the muscle to recover from the negative inotropic effects of increased extracellular Na concentration. However, the rate dependence of the recovery phenomenon, the inability to alter the rate of recovery by delaying its onset through keeping the muscle quiescent for 10 minutes, and the relative rapidity and lack of stimulus-rate dependence of the osmotically induced tissue water loss contradict the hypothesis that intracellular dehydration is the mechanism for the recovery phase.
No loss of cellular K was observed; indeed there was a substantial gain in tissue K during perfusion with 200 mM Na. However, it would be difficult to implicate this observation as an explanation for the functional recovery in 200 mM Na. The observation that no K loss occurs despite a gain in intracellular Na concentration corroborates earlier results of McDowell et al. (12) . This same phenomenon has been observed in arterial smooth muscle made sodium rich by exposure to 198 mMNa (15) . No loss of cellular K in association with a gain in cellular Na and a net cellular dehydration suggests that some component of the increment in intracellular Na is bound.
It appears that the recovery phase is caused by an increase in cellular Na content. Studies by Glynn (16) and Langer and Serena (5) on the mechanism of cardiac glycoside action and by Langer (17) on the mechanism of the Bowditch treppe effect have suggested that a gain in intracellular Na content is a key factor in the inotropic responses noted in these studies. Baker et al. (7) , using giant squid axon, demonstrated the dependence of a component of Ca influx on internal Na content. Glitsch et al. (8) found a similar dependence of Ca influx on internal Na in guinea pig atria. This latter experiment was performed in muscles made sodium rich by cooling or by pacing at 300/min in KCl-poor, Ca-poor solutions and was associated with the loss of intracellular K.
These previous experiments and the present study clearly suggest the presence of a Na-Ca exchange mechanism. Previous experiments by Reuter and Seitz (6) demonstrated the dependence of Ca efflux on external Na in myocardial tissue. An exchange mechanism was postulated in which external Na was exchanged for internal Ca. Under normal external and internal ionic conditions, the proposed carrier was predicted to be near saturation so that increases in extracellular Ca or Na concentration would have little effect on the rate of carrier movement. Because intracellular Ca is kept largely constant by the Ca-sequestering mechanism of the sarcoplasmic reticulum, it probably has little effect on carrier movement. Thus, the principal factor responsible for determining the rate of carrier movement is intracellular Na.
Several observations in the present experiments support this hypothesis. In the continued presence of elevated extracellular Na concentration, Ca efflux appeared to be unchanged in these muscles. Furthermore, cellular Ca content and dP/dt during the plateau in 200 mM Na had returned to control levels. It is obvious that some mechanism allowed the muscle to compensate for the demonstrated effects of elevated extracellular Na concentration on Ca efflux and influx. The elevation in intracellular Na and its effect on Na-Ca exchange is suggested as the mechanism.
When a steady state is obtained after elevation of extracellular Na, the ratio of extracellular Na to intracellular Na is unchanged (Table 1) : a 40% increment in perfusate Na resulted in a 40% increment in intracellular Na content. Thus the effect of increased extracellular Na concentration on Ca efflux would be observed only during the time when the ratio of extracellular Na to intracellular Na was greater than it was in the control period (the period from interstitial equilibration to full in-tracellular equilibration). Also, the effect of elevated extracellular Na concentration on Ca efflux would be decreased throughout this period as intracellular Na concentration increased. This transient effect on Ca efflux would be too brief and too small to be noted by the methods used in these experiments.
As dP/dt returned to control during the plateau phase, Ca influx measured by cellular Ca content was also at the control level (Fig. 11) . As intracellular Na increased during perfusion with 200 mM Na, the rate of carrier movement might have increased, exchanging intracellular Na for extracellular Ca. This procedure would result in an increment in Ca influx and a consequent increase in dP/dt. In this fashion the competitive inhibition of Ca influx by elevated extracellular Na concentration would be counter-balanced by the enhancing effect on Ca influx as intracellular Na rises.
This hypothesis is further supported by the effects noted after abruptly reducing the perfusate from 200 mM to 142 mM Na. When this procedure was followed, an overshoot in dP/dt of 20.6% above control dP/dt occurred (maximal at 2 minutes). This phenomenon depended on the length of time of high-Na perfusion preceding the switch to the lower Na concentration. At the point of maximum overshoot, the interstitial space was approximately 65% equilibrated to the lower Na concentration, but the slow phase Na had only begun to equilibrate. Thus, the predominant effect of elevated intracellular Na on Ca influx occurs without the full inhibitory effect of elevated extracellular Na. This effect is analogous to the depression in dP/dt noted when switching from 142 mM to 200 mM Na. In that situation, there is a predominant effect of extracellular Na before a significant increment in intracellular Na has occurred. The symmetry of the initial depression in 200 mM Na and the initial overshoot on return to 142 mM Na (20.4% and 20.6% of control dP/dt, respectively) support the contention that the inhibitory effects of elevated extracellular Na concentration on Ca influx may be balanced by the enhancing effects of the subsequent elevation in intracellular Na. As intracellular Na falls after returning to a lower extracellular Na concentration, Ca influx and dP/dt fall pari passu until control steady-state conditions are resumed.
This study concentrated on the course of positive dP/dt secondary to alterations in extracellular Na concentration. Symmetrical changes in negative dP/dt which indicate that alterations in the rate of relaxation are in the same direction as changes in Circulation Research, VoL XXXJV, January 1974 rate of contraction occurred (Fig. 2) . This finding is typical of most inotropic responses in the heart that involve altered Ca flux except those induced by caffeine (18, 19) . A significant component of the response to caffeine is attributable to its inhibitory effect on sarcotubular sequestration which produces a slowing of relaxation at a time when the rate of active force development is increasing, i.e., part of its effect is attributable to inhibition of Ca sequestration and slowing of Ca efflux. The functional response to 200 mM Na and the lack of effect on Ca efflux indicate that the effects of hypertonic Na are not mediated through inhibition of sarcotubular Ca flux.
The range of extracellular Na concentration over which the functional phenomena hold remains to be tested. Initial work on the immediate (2 minutes) effects on dP/dt when extracellular Na is changed show a sigmoid relationship between Na concentration and dP/dt over the range of 40 to 240 mM Na. As might be expected, the magnitude of the initial change in dP/dt (increase or decrease) correlates well with the magnitude of the change in extracellular Na concentration (decrease or increase).
The present study showed that an elevation in extracellular Na concentration in the vascularly perfused rabbit ventricular septum results in a transient depression in dP/dt followed by a recovery to control (or near control) level. Because of the rate dependence of this recovery and its temporal correlation with a gain in tissue Na, we concluded that the functional recovery depends on a gain in intracellular Na content. On return to a lower extracellular Na concentration, dP/dt rises to a level above control and then falls to control with a time course similar to the time course of the decline in tissue Na. These events and the ionic correlates suggest the presence of a Na-Ca exchange system, whereby an increment in intracellular Na induces an increase in Ca influx; Na might exert its regulatory role in myocardial contractility in this manner.
